The phage insensitivity gene of lactococcal plasmid pCI829 which encodes an abortive infection defense mechanism (Abi) was inserted into the Lactococcus lactis subsp. lactis CH919 chromosome by utilizing the integration plasmid pCI194, which contains 4.2 kb of homology with the conjugative transposon Tn919. Chloramphenicol-resistant transformants expressed phage insensitivity to the prolate-headed phage c2 and the small isometric-headed phage 712, and hybridization analysis indicated that transformants contained pCI194 integrated in single copy. The level of phage insensitivity expressed by the transformants was reduced from that observed when the abi gene was located on a replicating plasmid, as determined by plaque assay and burst size analysis. Amplification of the integrated structure after growth in increased concentrations of chloramphenicol resulted in an increase in the expression of phage insensitivity. Hybridization analysis revealed that while pCI194 was stably maintained in an integrated state over 100 generations in the absence of selective pressure, the ability to express phage insensitivity was lost. Hybridization analysis also revealed that DNA flanking the abi gene contains homology to the CH919 chromosome.
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Lactococcal species are a major component of starter cultures used in the production of a variety of high-quality fermented milk products. The dairy industry requires that such strains perform in a reliable and stable manner in large-scale commercial fermentations. However, industrially important characteristics of Lactococcus species, such as lactose and citrate utilization, proteinase activity, and bacteriophage insensitivity, are generally plasmid mediated and, consequently, are frequently unstable traits (13) . This instability is disadvantageous for long-term, large-scale use of these cultures, and therefore an attractive objective is the stabilization of important properties essential to the fermentation process by integration of plasmid-encoded genes into the chromosome.
Recently, a variety of integration vectors for lactococci have been described, and they include those which contain fragments homologous to chromosomal (22, 23) or prophage (5) DNA sequences and which mediate homologous recombination. The exploitation of IS946, an insertion sequence which utilizes replicative transposition to the chromosome to direct chromosomal integration, has also been reported (29) . Leenhouts et al. (22) have recently described the application of the pTB19-derived vector to insert the proteinase gene complex of Lactococcus lactis subsp. cremoris Wg2 into the lactococcal chromosome.
Previously, we have reported the construction and integration of a novel vector plasmid that utilized 4.2 kb of homology to the conjugative transposon Tn919 (11) to integrate via homologous recombination into the resident copy of Tn919 on the host chromosome (4) . This report describes the controlled integration into the Lactococcus lactis subsp. lactis chromosome of a bacteriophage insensitivity gene (abi) that encodes an abortive infection defense mechanism originally identified in L. lactis subsp. lactis UC811 (8, 9) . * Corresponding author.
The effect mediated by a single copy of the abi gene on insensitivity to prolate-headed (c2) and small isometricheaded (712) phages and the consequences of increasing the level of gene expression due to amplification of the abi gene from single copy to multicopy are discussed.
MATERIALS AND METHODS
Bacterial strains and phage and culture conditions. All strains, plasmids, and phages used in this study are listed in Table 1 . L. lactis subsp. lactis strains and their phages were propagated at 30°C in M17 medium (33) in which glucose (0.5%) replaced lactose (GM17). Escherichia coli strains were grown in Luria broth at 37°C with shaking. The antibiotics erythromycin, chloramphenicol (CM), and tetracycline were added to selective media for strains of lactococci at levels of 2, 5, and 10 ,ug/ml, respectively. For E. coli strains, CM and tetracycline were added at concentrations of 25 and 10 ug/ml, respectively.
Enzymes. All DNA restriction enzymes and T4 DNA ligase were obtained from Boehringer Corporation Ltd., Dublin, Ireland, and were used according to the supplier's instructions. Taq polymerase was obtained from Promega Corp., Madison, Wis.
Transformation and electroporation. E. coli was transformed as described by Mandel and Higa (24) . Lactococcal cultures were prepared for electrotransformation as described previously (4) .
Isolation of DNA. Rapid preparations of plasmid DNA from E. coli were obtained by the method of Birnboim and Doly (2), while large-scale preparations were isolated by cesium chloride-ethidium bromide density gradient ultracentrifugation. Chromosomal DNA from L. lactis subsp. lactis was isolated by the procedure described by Clewell et al. (6) . Polymerase chain reaction amplification was utilized to obtain the IS981 probes (30) . Stability of phage insensitivity phenotype. The stabilities of the antibiotic resistance and/or phage insensitivity phenotypes exhibited by AC816, AC002, JC192, and JC194-1 (a transformant containing the integrated abi gene) were examined by diluting 18-to 24-h cultures in fresh GM17 and growing them for up to 100 generations under nonselective conditions. One hundred isolated colonies were then replica plated onto selective and nonselective plates, and the proportion retaining antibiotic resistance was determined. A random number of isolated colonies were examined for sensitivity to phage c2 to test for expression of the abi gene. in the integration of plasmid-encoded genes of commercial significance into the lactococcal chromosome (4). In the present study, the utility of this vector for introducing the abortive infection gene (abi) originating from lactococcal plasmid pCI829 (8, 9) into the chromosome of CH919 was examined. Coffey et al. (9) had localized the abi gene to a 6.2-kb StuI fragment on pCI829, which was cloned in pA-CYC184, generating plasmid pCI810. Plasmid pCI194 was constructed by isolating the abi gene on an EcoRI-BamHI fragment from pCI810 and inserting it into pCI192 restricted with EcoRI-BglII (Fig. 1) . The resulting plasmid, designated pCI194, consisted of a pBR322 origin of replication, a Cmr marker gene, 4.2 kb of homology to Tn919, and 4.8 kb containing the abi gene cloned from pCI810 (Fig. 1) .
RESULTS

Construction
Introduction of pCI194 into L. lactis subsp. lactis CH919 by electrotransformation. Plasmid pCI194 was transformed by electroporation into L. lactis subsp. lactis CH919, which is an MG1363 strain (12) containing a single copy of Tn919 on its chromosome, at frequencies of 101 to 102 transformants per ,ug of DNA (Table 2 ). Since pCI194 is unable to replicate in gram-positive bacteria, maintenance of the Cmr marker and expression of the phage insensitivity gene are dependent on integration of the plasmid into the chromosomally located Tn919. In control experiments, the recipient, CH919, was successfully electrotransformed with pAM401, which con- (14) , which utilizes a pBR322 origin and also encodes the Cmr gene but does not contain chromosomal homology. The original insertion vector pCI192 (which does not contain the abi gene) electrotransformed CH919 at frequencies similar to those of pCI194. When MG1363Sm was electrotransformed with either pCI192 or pCI194, no Cmr transformants were obtained.
Characterization of pCI194 transformants. Cmr colonies obtained after electrotransformation of CH919 with pCI194 were tested for insensitivity to phage c2 by the standard plaque assay technique. All transformants examined displayed a degree of insensitivity manifested by a reduction in plaque size (Fig. 2) . Three of these, designated JC194-1 through -3, were compared with MG1363Sm and with AC816 (containing pCI816, which contains the abi gene located on a 6.2-kb StuI fragment cloned in an E. coli-lactococcus shuttle vector, pSA3) with respect to sensitivity to phages c2 and 712. Phage c2 produced plaques on JC194-1 that were intermediate in size relative to those produced on MG1363Sm and AC816 ( Fig. 2 and Table 3 ). On host MG1363Sm, phage 712 produced plaques 0.5 mm in diameter. This phage failed to form plaques on AC816, and while plaques were observed on JC194-1, 50% of these had a hazy morphology (Table 3 ). There was no significant reduction in efficiency of plaquing (EOP) observed on either the AC816 or the JC194 hosts. These data indicate that the level of phage insensitivity exhibited by JC194-1 was not as effective as that demonstrated by AC816, which itself was reduced compared with that conferred by the original Abi plasmid pCI829 (9).
One-step growth cycle experiments were performed and burst sizes were estimated for phages c2 and 712 on MG1363Sm, AC816, and JC194-1. The number of phage 712 particles released from MG1363Sm was 44. This number was reduced to 6 for AC816 and to 19 for JC194-1. For phage c2, the burst was reduced from 97 for MG1363Sm to 14 for AC816 and 35 for JC194-1. Thus, the integration of pCI194 into the chromosome resulted in a phage insensitivity level that was reduced from that observed with hosts harboring pCI816.
Characterization of the integrated structure in pCI194-containing hosts. Total DNAs were extracted from CH919 and MG1363Sm and from two pCI194-derived transformants of CH919 and were digested with PvuII, for which two sites 35 19 JC194-Cm6O (Fig. 1) . If integration of pCI194 had occurred as a result of homologous recombination between the 4.2-kb region of transposon DNA present on pCI194 and Tn919 (Fig. 3A) , this probe would detect the junction fragment generated by the recombination event, which would give a hybridizing band in excess of the size of a plasmid-derived hybridizing band (Fig. 3B) . From the results shown in Fig. 4 , it is clear that the probe hybridized strongly with a fragment from the PvuIIdigested plasmid pCI194 (Fig. 4, lanes 6, 9, and 12 ). PvuIIdigested total DNAs from the two transformants tested, JC194-1 and JC194-2 (Fig. 4, lanes 10 and 11, respectively) , showed a single hybridizing band in excess of the plasmid band size in all cases, indicating that pCI194 was inserted into the chromosomes of these strains according to the model outlined in Fig. 3B . Amplification of integrated pCI194. Integration of pCI194 into Tn919 via homologous recombination results in the generation of direct repeats surrounding the integrated plasmid DNA (Fig. 3B) , thus creating the possibility of amplifying the integrated pCI194 (Fig. 3C ). When JC194-1 (routinely maintained on 10 ,ug of CM per ml) was challenged with high concentrations of CM, isolates resistant to 40 or 60 ,ug of CM per ml were obtained, and representative isolates were designated JC194-Cm4O and JC194-Cm6O, respectively. Total DNAs were extracted from both types and analyzed for gene amplification. Upon restriction of the total DNA with PvuII and probing with the 440-bp XbaI abi intragenic gene probe, amplification of the integrated pCI194 would result in two bands hybridizing to the probe, i.e., the junction fragment already observed in single-copy integration and a second band, similar in size to the PvuII-digested pCI194 plasmid DNA, present due to amplification of the integrated pCI194. PvuII-digested total DNAs from JC194-Cm4O (Fig.  4 , lane 5) and two copies of JC194-Cm6O (Fig. 4, lanes 3 and  4) gave the expected two hybridizing bands, one corresponding to the junction fragment of the integrated pCI194 (Fig. 4 , lanes 10 and 11) and the second corresponding in size to the PvuII-digested pCI194 band (Fig. 4, lanes 6, 9, and 12) , indicating that amplification of the integrated pCI194 DNA had indeed occurred. CH919 chromosomal DNA exhibited no homology to the abi gene probe (Fig. 4, lane 2) .
Effect of amplification on phage resistance. The effect of amplification of chromosomal copies of the integrated abi gene on the phage insensitivity of the host was determined by performing plaque assays and burst size experiments with JC194-Cm6O and comparing results with those for JC194-1. There was a marginal but consistent decrease in plaque size produced by phage c2 on JC194-Cm6O compared with that on JC194-1 (from 1.5 to 1.2 mm), and there was no decrease in EOP. Upon challenge with small isometric-headed phage 712, while plaque sizes for the two cultures were similar, a decrease in EOP and a hazy morphology were observed on JC194-Cm6O (Table 3) . Comparison of burst sizes (Table 3) indicated that phages c2 and 712 propagated less efficiently on JC194-Cm6O (burst sizes, 19 and 10 phage particles, respectively) than they did on JC194-1 (burst sizes, 35 and 19 phage particles, respectively). These results indicated that while amplification of the integrated structure (and the subsequent increase in copy number) led to an increase in the level of phage resistance expressed by these amplified cultures, this level was still not comparable to those exhibited by strain AC816, containing the abi gene cloned on pSA3, and strain AC002, containing plasmid pCI829, from which the abi gene was originally isolated (9) .
Examination of phage replication in abi-containing cells. In order to evaluate the effect of the abortive infection gene on phage replication, a rapid method developed by Hill et al. (16) was used to monitor the intracellular replication of the small isometric-headed phage 712 in abi-containing hosts. In the sensitive MG1363Sm strain, which does not contain a copy of the abi gene, full replication of the phage was observed, with the production of phage DNA detected at 40 and 60 min after infection (Fig. 5, MG1363Sm) . When the abi gene was present on the original plasmid, pCI829 (in strain AC002), intracellular phage DNA replication could not be detected (Fig. 5, AC002) . These results are similar to those obtained by Hill et al. (16) with the pTR2030-derived hsp gene, which is identical to the pCI829-encoded abi gene (16) (17) (18) . JC194-1, which contains the abi gene present in single copy, inhibited the replication of the phage only slightly, with some replication occurring between 40 and 60 min after infection (Fig. 5, JC194-1) . This is consistent with the EOP and burst size studies (Table 3) . When the abi gene was amplified from single copy to multicopy, a substantial decrease in the level of phage 712 replication was observed (Fig. 5, JC194-Cm6O ). These results confirm that the abi gene is expressed when present in single copy in an integrated manner and that there is an increase in the expression when the gene is amplified to multicopy (Fig. 5, JC194 Cm6O) or present on a replicating plasmid (Fig. 5, AC002) .
Stability of JC194 transformants. On the basis of plaque assay data, the insensitivity to phages c2 and 712 exhibited by JC194-1 diminished rapidly after storage at 4 or -20°C or after serial transfer at 30°C, even in the presence of CM. Therefore, to examine the stability of the integrated structure, JC192 and JC194-1 were grown under nonselective conditions for 50 and 100 generations and were tested for their antibiotic resistance and phage insensitivity patterns. The results indicated that while the CM resistance associated with either pCI192 or pCI194 was relatively stable, the latter did exhibit some instability (loss of integrated structure after 100 generations, 0 and 4%, respectively). When isolates harboring pCI194 which retained Cmr were assayed for phage sensitivity, all were as sensitive to phage c2 as the MG1363Sm host was, and when the intracellular replication of phage c2 in one such isolate, JC194-lb, was examined, phage DNA was detected 7 min after infection, which was similar to the time at which replication was detected in the plasmid-free host. No replication was detected until 15 min after infection in strains harboring abi (data not shown). When the DNAs of strains JC194-la and JC194-lb, isolated during stability testing, were probed with the 440-bp intragenic abi probe, the results obtained (Fig. 4, lanes 7 and 8) were similar to those observed previously with the original pCI194-containing transformants which did express Abi (Fig. 4, lanes 10 and 11) . A further experiment with a larger probe (a pCI810-derived 3.8-kb HindII fragment) which encompassed the whole abi gene in addition to some flanking pCI829-DNA was performed with the objective of determining whether any major deletions in the integrated structure which would result in the loss of expression of Abi had occurred. This probe would detect the junction fragment and the small PvuII band containing the Cmr gene (Fig. 3B) . Although no gross alterations had occurred, in addition to the expected two bands, multiple homologies in the chromosomes of CH919 (Fig. 6, lane 2) and MG1363Sm (Fig. 6, lane  7) and in the chromosomes of JC194-1, JC194-la, and detected. While these results were suggestive of an IS element present on DNA flanking the abi gene, further hybridization experiments indicated no homology to IS elements isolated thus far from lactococci (i.e., ISSJ [27] , IS904 [10] , and IS981 [26] ).
DISCUSSION
In this study, we have demonstrated the insertion and subsequent amplification of a plasmid-encoded phage insensitivity gene in the L. lactis subsp. lactis chromosome via homologous recombination with the Tn919-derived vector pCI194. The abi gene, when present on the original plasmid pCI829 in the MG1363Sm host, mediates a temperatureindependent abortive infection defense mechanism which confers complete resistance to small isometric-headed phage 712 and partial insensitivity to prolate-headed phage c2 (8) . When the pCI829-derived abi gene was cloned on a 6.2-kb StuI fragment in vector pSA3, generating pCI816, the effectiveness of the insensitivity to the prolate-headed phage [in comparison with that of AC002(pCI829)] was reduced (9) . When pCI194 was used to integrate the abi gene in single copy into the chromosome, the levels of phage insensitivity to both c2 and 712 were reduced further, with strains JC194-1 through -3 exhibiting only marginal resistance to phage 712 and also a reduction in resistance to phage c2 (Table 3 ). This lower level of expression demonstrated by JC194-1 through -3 is likely due to the presence of pCI194 in single copy in the chromosome. A decreased level of expression by abi determinants cloned from their original plasmids has also been observed in the case of pCI750 (unpublished results), and similar findings have been obtained by Hill et al. after cloning of the pTR2030 hsp gene on pSA3 (18) .
Amplification of the integrated abi gene, induced by growth in high concentrations of CM, resulted in an increase in phage insensitivity (particularly to phage 712). Indeed, the results generated after examination of the level of intracellular phage replication indicated that the copy number of the abi gene present in a strain directly affects the level of phage DNA replication permitted and, therefore, the level of insensitivity exhibited by a strain. Similar gene dosage effects have been reported for other bacteria in which genes were amplified after integration via homologous recombination (20, 22, 23, 31) . The effect of copy number, and as a consequence gene dosage, appears to be related to the genes involved, as expression of some, e.g., the endoglucanase gene (31) , can be maintained at a constant level independent of the copy number whereas expression of others, e.g., abi and the a-amylase gene (31) , is dependent on gene dosage. Leenhouts et al. (22) observed that upon integration of the proteinase gene complex in lactococci, a few (2 or 3) copies were sufficient for good growth and rapid production of acid in milk. They also observed gene dosage effects, as amplification of the integrated gene (to 11 copies) gave corresponding increases in activity. (17) . Results presented in this paper demonstrate the utility of the Tn919-derived insertion vector for integrating genes of industrial significance in lactococci, which can be useful for establishing model systems to facilitate the study of plasmidencoded genes present in single copy and also for examination of gene dosage effects.
